The development and validation of two different assays for serum angiotensin-converting enzyme are reported. The first step in both analytical systems is based on enzymatic cleavage of the synthetic substrate, hippuryl-histidyl-Ieucine, under conditions advocated by Cushman and Cheung. 1 The hippuric acid released is then assayed either by colorimetry following an azlactone condensation reaction with an aromatic aldehyde, or by reversed-phase ion-pair high-performance liquid chromatography (HPLC). Both procedures reveal good linearity in the range 0-80 nmol/ml per min, with an inter-assay coefficient of variation of 6· 2 %for the colorimetric assay and 4· 5 %for the HPLC-assisted assay. Recovery values measured for the colorimetric method ranged from 97 % to 102%and for the HPLC-assisted method from 98 %to 101 %. The colorimetric method is suitable for performance in small hospital laboratories since it can be carried out with simple analytical instrumentation. It is obvious nevertheless; that the HPLC-assisted assay reveals better validation criteria. The method is also simple and rapid and it has successfully been used in our laboratory for the last two years.
Angiotensin-converting enzyme (ACE) (kinase II. tripeptides such as hippuryl-histidyl-Ieucine (Hip-EC 3.4.15.1), recently reviewed by Erdos, 2 is an His-Leu) and hippuryl-glycyl-glycine (Hip--Glyexopeptidase which catalyses cleavage of carboxy-Gly) or on cleavage of fluorogenic substrates terminal dipeptidyl residues.P'" It catalyses cleavage consisting of a highly fluorescent group coupled to of histidyl-leucine (His-Leu) from angiotensin I to a quenching nitrophenyl moiety.l920 Enzymatic yield its more potent vasopressive octopeptide hydrolysis of these fluorogenic substrates results in angiotensin II and also inactivates bradykinin by liberation from the quenching interaction and cleavage of the Pro 7-Phe8 bond. Hence the enzyme release of fluorescence. Hydrolysis of Hip--His-Leu not only inactivates hypotensive kinins but also or Hip-Gly-Gly is followed by a wide range of activates hypertensive angiotensin. It is a mem-analytical methods. A fluorescent complex can be braneous glycoprotein constituent of the vascular formed by reaction of e-phthalaldehyde'" 22 or endothelial cells located in juxtaposition to the fluorescarnine'" with the dipeptide residues; hippuric circulating bloodstream.vP Although the lung and acid released during the assay is extracted with ethyl kidney are physiologically important sites of con-acetate and determined by spectrophotometry at version, the enzyme is also found in many other 228 nm,112 by a differential spectrophotometric organs.'! In some diseases involving pulmonary method after reaction with 2,4,6-trichloro-Schanges, such as sarcoidosis, silicosis, and triazine.i" by condensation of hippuryl azlactone asbestosis.Pv'" and also in some non-pulmonary with an aromatic aldehyde after thin-layer chromatogranulomatous diseases such as Gaucher's disease graphic separation of hippuric acid 25 or by HPLC. 26 and leprosy.l? 18 the clinical significance of Even though a wide spectrum of methods exists determinations of ACE in serum has been well for the determination of ACE activity, these assays established.
are either afflicted with errors due to interference of At present chemical assays used for its determina-ultraviolet-absorbing (228 nm) materials co-extracted tion are based on enzymatic cleavage of synthetic with the liberated hippuric acid;112 cumbersome, 227 since the ethyl acetate extracted has to be purified before spectrophotometric reading or before the colour reaction can be carried out;25 27 or need more or less sophisticated instruments. Therefore, the feasibility of a simple and yet reliable assay for serum ACE that can be carried out in small hospital laboratories is still needed. We report a hippuric acid azlactone (2-phenyloxazol-5-one) condensation reaction for serum ACE, which is carried out in dried ethyl acetate extracts containing the released hippuric acid without previous purification. Reaction mixture and conditions advocated by Ohmori and Ikeda'" for the assay of hippuric acid in urine and liver homogenates were chosen for the azlactone formation. An ion-pair liquid chromatographyassisted assay was initially set up for the purpose of obtaining comparative data. The method is a slight modification of the liquid chromatography assay for serum ACE advocated by Chiknas.P The bondedphase system consisting of an octadecylsilane (ODS) column with potassium phosphate buffer and methanol was changed for a medium-chain Co-octyl column with tetrabutylammonium phosphate in water-methanol, in order to enhance resolution. Furthermore, N-benzoyl-L-alanine, which is chemically very similar to hippuric acid, was used as internal standard instead of phthalic acid. 28
Materials and methods

CHEMICALS
Hippuryl-L-histidyl-L-leucine 4H 2 0 was purchased from Bachem Fein-chemikalien AG, Budendorf, Switzerland. N-benzoyl-L-alanine was obtained from Aldrich-Europe, Beerse, Belgium. Tetrabutylammonium phosphate solution (low UV PIC A-reagent) was a product from Waters Associates Inc, Milford, Massachusetts, USA. Water was glass-distilled 'aqua dest', All other chemicals were 'suprapur' or 'zur Analyse' products from Merck, Darmstadt, GFR.
COLORIMETRIC A SSA Y
Enzymatic cleavage
Enzymatic hydrolysis of Hip-His-Leu was performed according to conditions described by Cushman and Cheung.' Enzymatic reaction was initiated by the addition of 0·20 ml substrate buffer solution pH 8·3 (pre-warmed to 37°C) to a O·20-mI serum aliquot. The mixture was incubated in a waterbath at 37°C for 15 minutes. Concentration of the constituents of the substrate buffer solution were as follows: 10 mmol Hip-His-Leu, 600 mmol NaCl, 200 mmol potassium phosphate per litre. Enzymatic cleavage was terminated by addition of 0·25 mI of 1N hydrochloric acid (t = 15 min). Zero time blank Kwarts, Beukenveld, and Gazendam (t = 0 min) was carried out in the same way, except for reversing the order of addition of substrate and the terminating hydrochloric acid solution.
Extraction
Two millilitres of ethyl acetate were added to both test tubes (sample and zero time blank), the mixtures were vortexed for 15 seconds, and the layers were separated by centrifugation (5 minutes at 2500-3000 rpm). One millilitre of the organic layer was transferred to another glass-stoppered tube and evaporated to dryness at 40°C.
Colour development and spectrophotometric measurements
To both test tubes (sample and zero time blank) 1·0 ml acetic anhydride was added and the residues were redissolved by sonication (3 minutes). Two millilitres of a solution of 33·5 mrnol/l p-dirnethylaminobenzaldehyde in pyridine was then added and the mixtures were incubated in a waterbath at 40°C for 40 minutes. The absorbance was read at 458 nm.
Calculation of enzyme activity ACE activity was calculated from the equation:
The conversion factor (120) is derived from the following: Molar absorptivity of the condensation products of hippuric acid and p-dimethylaminobenzaldehyde under conditions presented above = 1·83 x 10 4 mol/ern. Fraction of extractant transferred = 0·50. Sample volume = 0·20 mi. Incubation time = 15 minutes. Reaction volume = 3·0 mi. Conversion to nanomoles = 10 9 • Fraction of hippuric acid extracted = 0·91 (CV = 4·3%, n = 10).
Conversion factor = 10 9 X 3·0/1· 83 x 10 4 x 0·50 x 0·20 x 10 3 x 15 x 0·91.
HPLC-ASSISTED ASSAY FOR SERUM ACE
Instruments and chromatographic conditions
Liquid chromatography system consisted of a liquid chromatograph with a pulseless piston pump Model 8500 (Varian Instrument Division, Palo Alto, USA) and a spectrophotometer Model 635 (Varian). Injections were performed with an injection valve with a 20 ul-loop Model HPa-C20 (Valco Instrument Co, Houston, USA). The column (4·6 mm i.d, x 10 ern), slurry packed with 10 micron (average particle size) irregularly shaped particles (LiChrosorb RP-2, Merck, Darmstadt, GFR) and a guard column (4·6 mm i.d, x 3 ern), was purchased from Brownlee Labs Inc, Santa Clara, USA. The initial number of theoretical plates at a flow-rate of 1· 7 ml/min measured for methyl benzoate was 2102. 
ENZYMATIC CLEAVAGE, EXTRACTION, AND CALIBRATION
To each 0·20-ml aliquot of the samples or the hippuric acid standard solutions 10 fLl of the internal standard solution was added and the mixtures were vortexed for 15 seconds. Enzymatic reaction was initiated by the addition of 0·20 ml substrate buffer solution, pH 8· 3 (pre-warmed to 37°C), and terminated by the addition of 0·25 ml of 1N hydrochloric acid. The concentration of the constituents of the substrate buffer solution is given in Enzyme Assay. Ethyl acetate extraction of the liberated hippuric acid was processed as presented in Extraction. The dried residues were reconstituted in 100 fLl of the eluent by sonication (3 minutes) and 20 fLl was injected onto the column.
A calibration curve was constructed by plotting ACE activity against the ratio of peak heights of hippuric acid/internal standard. The graph was linear over a range of 0-80 nmol/ml/min.
The solvent system used was a mixture of 1 litre PIC A-reagent (tetrabutylammonium phosphate solution 5 mmol/l, Waters) and 250 ml methanol.
Standard solutions
Internal standard solution was an aqueous solution of N-benzoyl-L-alanine in a concentration of 5 mmol per litre.
Hippuric acid stock standard solution in a serum pool in which the ACE activity had previously been destroyed by heating for 1 hour at 60°C was made up to 2·0 fLmol/ml. This solution was diluted with the same serum pool to give a range of 0-1·20 umol/ml, which represents a range of ACE activity of 0-80 nmcl/rnl/min.
Results and discussion
The conditions for colour development presented in this paper for serum ACE were initially advocated by Ohmori and Ikeda 28 for analysis of hippuric acid in urine and liver homogenates, The absorption spectrum of coloured products formed in this condensation reaction is presented in Figure 1 . Time and temperature dependence of colour development is illustrated in Figure 2 . Absorbance versus time curves indicate that the increase of temperature strongly accelerates the rate of reaction but at the same time reduces the absorbance yield. This phenomenon is presumably a result of partial reconversion of the intermediate 2-phenyloxazol-5-one to hippuric acid or a result of self-condensation.P
It can be concluded that the condensation reaction (Fig. 3) should be carried out at a relatively low temperature (40°C), even if this is at the cost of a high overall analysis time. Kwarts, Beukenveld, and Gazendam Withm-batch coefficient. Day-to-day 
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Intra-and inter-assay precision of both the ion-pair liquid chromatographic and colorimetric assays.
for serum ACE yielded excellent linearity with samples treated in the same way as described above for the colorimetric determination. Assessment of percentage recovery of hippuric acid corresponding to ACE activities of 20, 40, and 60 nmol/ml/mln spiked to a serum pool with an initial ACE activity of 21 nmol/ml/min, revealed values of 98%, 101 %, and 99 %, respectively. The intra-assay and interassay precision were determined using the same serum pools (analysed twice a week during a period of six weeks) as described for the colorimetric assay. Results presented in the Table demonstrate that the within-batch coefficient of variation is less than 2·0% and that the between-batch coefficient of variation is less than 4· 6 %. Figure 5 outlines a typical chromatogram obtained from a serum sample with ACE activity of 17 nmcl/ml/min. The excellent validation criteria demonstrated by this method and its simplicity make it highly recommended for ACE analysis. The method has been successfully used in our laboratory for the last two years. HPLC techniques
Pool I Pool II Pool III spiked with hippuric acid in a range representing 0-66 nmol/rnl/min and processed as presented for the colorimetric assay. Delta absorbances (absorbance-sample minus absorbance-zero time blank) plotted against the amount of hippuric acid added revealed a linear graph with a zero intercept on both the abscissa and the ordinate. Comparison of the slope of this standard graph, studied in absorbance units per nmol hippuric acid per ml sample and per min, with the slope of a standard graph prepared without extraction, revealed the fraction of hippuric acid extracted from the acidic aqueous phase (Fig.  4) . Measurements of accuracy of this method were also obtained from an assessment of percentage recovery of hippuric acid representing ACE activities of 20, 40, and 60 nmol/ml/min, added to a serum pool with an initial ACE activity of28 nmol/ml/min. The calculated corresponding recovery values were 102%,99%, and 101%, respectively. An assessment of changes in performance of the colorimetric assay was obtained by analyses of three different serum pools for ACE activity twice a week during a period of six weeks. The serum pools were divided into aliquots of 1 ml each and kept at -20°C until assayed. Analyses were performed in duplicate. Mean ACE activities were 24·4, 31·4, and 52·9 nmol/rnl/min, respectively. The corresponding day-to-day coefficients of variation were 6·2%, 5·8%, and 6·0%. are, however, not yet common in routine hospital laboratories. In those cases the colorimetric assay presents a good alternative. As depicted in Fig. 6 , correlation between ACE activities in serum as measured by colorimetry and HPLC gave a correlation coefficient of 0·998 and a linear regression equation of (colorimetric assay) = 1·0709 (HPLC) -1·537. The slope was obtained according to the formulas presented by Cornbleet and Gochmanw for the Deming method.
